Abstract. Nitrogen is required for successful carrot production on sandy soils of the southeastern United States, yet carrot growers often apply N in amounts exceeding university recommendations. Excessive fertilization is practiced to compensate for losses of N from leaching and because some growers believe that high rates of fertilization improve vegetable quality. Carrots (Daucus carota L.) were grown in three plantings during Winter 1994-95 in Gainesville, Fla., to test the effects of N fertilization on yield and quality. Yield increased with N fertilization but the effect of N rate depended on planting date; 150 kg·ha -1 N maximized yield for November and December plantings but 180 kg·ha -1 N was sufficient for the January planting. Concentration of total alcohol-soluble sugar was maximized at 45 mg·g -1 fresh root with 140 kg·ha -1 N for 'Choctaw' carrots, whereas sugar concentration of 'Scarlet Nantes' roots was not affected by N fertilization. Carrot root carotenoid concentration was maximized at 55 mg·kg -1 fresh root tissue with 160 kg·ha -1 N. Generally, those N fertilization rates that maximized carrot root yield also maximized carrot quality as determined by sugar and carotenoid concentrations.
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carrots were greatest with 220 kg·ha -1 N (Forbes and Westgate, 1963) , and were similar with most N sources (Forbes, 1966) . In Oregon, N fertilization to 110 kg·ha -1 increased carrot yield on a silt loam soil in one season but had no effect in another (Hemphill and Jackson, 1982) . In Texas, on a sandy loam soil, yields were maximized with 110 kg·ha -1 N (Hipp, 1978) . Fertilization of loamy sand soil with 50 to 80 kg·ha -1 N in one study and 50 to 150 kg·ha -1 in a second resulted in similar yields in Canada (Sanderson and Ivany, 1997) .
Results of these studies revealed that N requirements on sandy soils were as high as 200 kg·ha -1 , but as low as 50 kg·ha -1 on sandy loams. Researchers focused on carrot yield responses to N fertilization but seldom evaluated carrot quality characteristics, such as sugar or carotenoid concentrations. Carotenoid content is related to vitamin A content, and flavor components are influenced by genetic and environmental factors (Rosenfeld et al., 1998; Simon et al., 1980 Simon et al., , 1982 Simon and Peterson, 1979) .
Nitrogen fertilization may affect vegetable quality (Locascio et al., 1984; Mozafar, 1993) . High N fertilization rates reduced dry-matter content and sucrose concentrations in sugar beet (Follett, 1991) . Increasing N fertilization from 170 to 310 kg·ha -1 N enhanced dimethyl sulfide (compound responsible for the aroma of cooked sweet corn) content irrespective of influence on yield (Wong et al., 1995) .
Greater fertilization rates of N, P, and K led to reduced sugar concentration of carrots in experiments in Finland (Evers, 1989c) . Carotene concentration of carrots was increased by band placement of P and K fertilizers, but was not improved by increasing N from 80 to 150 kg·ha -1 (Evers, 1989b) . Increasing N rates were associated with increasing carotene concentrations in one study (Freeman and Harris, 1951) , but in another, the reverse relationship was found (Southards and Miller, 1962) .
A review by Mozafar (1993) summarized the effects of N fertilization on vitamin content of plants, including carrot. Fertilization of vegetables with N resulted in positive, negative, or no effect on concentrations of several vitamins and the effect was crop-dependent. Nitrogen fertilization studies should, therefore, include evaluation of N effects on chemical as well as physical quality factors. This study was conducted to evaluate carrot yield and root quality (as determined by concentrations of alcohol-soluble sugar and total carotenoids) responses to N fertilization on a sandy soil in three plantings made in the winter growing season of 1994-95 in north central Florida.
Materials and Methods
Research was carried out at the Horticultural Research Unit of the Univ. of Florida in Gainesville during Winter 1994-95 in a field that had been fallow (no cover crop) for the previous 6 months. The soil, an Arredondo fine sand (loamy, siliceous, Hyperthermic Grossarenic Paleudults), was moldboardplowed to a depth of 20 cm and disked in early Nov. 1994. Prefertilization soil samples were taken with a soil probe from the top 15 cm of soil. Soil was dried, sieved, and analyzed for P (medium), K (low), Ca (medium), Mg (medium), Cu (high), Mn (low), and Zn (low) with Mehlich-1 procedures (Hanlon et al., 1994; Mehlich, 1953) . Lime requirement (2 t·ha -1 ) was determined with the Adams-Evans test (Adams and Evans, 1962; Hanlon et al., 1990) .
Soil was lifted into raised prebeds with single-disc hillers preceded by a subsoiler shank (50 cm deep). Plots (experimental units) were 6 m in length with a 5-m nonplanted and nonfertilized area between the end of one plot and the beginning of the next. Preplant fertilizer mixtures were sprinkled on the surface of the prebeds. Fertilizer materials and application rates were triple superphosphate (30 kg·ha -1 P), manganese sulfate (1 kg·ha -1 Mn), and zinc sulfate (1 kg·ha -1 Zn). Ammonium nitrate and potassium nitrate were used to supply a uniform amount of N and K to the soil in each plot except for plots not receiving N. Potassium chloride alone was applied to the soil for the zero-N treatments. Totals of N and K applied were 20 kg·ha -1 each. Following preplant fertilizer application, the soil in the prebeds was rototilled and pressed into firm beds 15 cm in height and 60 cm wide across the top surface. Beds were spaced 1.2 m apart center-to-center.
Nitrogen was applied at rates from 0 to 220 kg·ha -1 in 55-kg increments. Factorially arranged with N rate were carrot cultivar (either 'Scarlet Nantes' or 'Choctaw' from SunSeeds, Hollister, Calif.) and planting date (23 Nov. 1994 , 14 Dec. 1994 , and 17 Jan. 1995 . The experiment was arranged in a randomized complete-block design with five replicates.
Carrot is an important vegetable crop in Florida, with 2900 ha planted during the 1995-96 season (Florida Agricultural Statistical Services, 1997) . Most of these carrots were grown on organic soils in central and southern Florida. These Histosol-based production areas have recently come under scrutiny as a potential source of nutrients contributing to the eutrophication of Lake Apopka in central Florida (Conrow, 1989; Crnko et al., 1993) . Carrot growers have begun to search for alternative production areas in case farming on the Histosols is increasingly regulated or prohibited in the future. One option would be to move the carrot production to areas with sufficiently long growing seasons and sandy soils, which are especially plentiful in central and northern Florida.
Sandy soils are well suited for carrot production (Boswell, 1963) and are used for this purpose in many states. Research on carrot production on sandy soils was conducted in the early 1960s in Florida (Forbes and Scudder, 1963) . However, the organic soils were preferred by commercial growers because of their ease of tillage and the use of fallow flooding to reduce pest problems (Moore, 1949; Strandberg, 1984) .
One of the early problems with carrot production on sandy soils in Florida was fertilization. Yields of 'Chantenay' and 'Imperator' Carrot seeds were mechanically seeded into two rows on the bed with 30 cm between rows, and plants were thinned to a final spacing of 3 cm for a final plant population of 555,500 plants per ha. Carrots were irrigated with a solid-set sprinkler irrigation system to supplement rainfall and maintain soil moisture tension at -10 kPa, as measured by a tensiometer gauge with the ceramic tip positioned 15 cm deep in the root zone. Weeds were controlled by periodic hoeing.
Additional N was applied as sidedressing through the season in variable amounts according to target total-season treatment N rate (Table 1) . Since K leaches in sandy soils, K also was applied uniformly across all N treatments at 35, 70, and 40 kg·ha -1 at first, second, and third sidedressings. Fertilizer N and K were supplied from mixtures of NH 3 NO 3 and KNO 3 (KCl for the carrots receiving zero-N). Fertilizer mixtures were applied by hand to the surface of the bed between the two rows of plants and lightly incorporated with a fourtined potato rake. Soil used for this study tested medium in Mg; therefore, MgSO 4 was applied at 20 kg·ha -1 Mg in the first and second sidedressings.
Weather conditions during Nov. 1994 through May 1995 were very conducive to carrot culture at this site in northern Florida. The lowest temperature recorded during the season was -7.0 °C on 9 Feb. 1995; however, carrots were not damaged by the freezing temperature. Rainfall was sporadic during Winter 1994-95, with total rainfall as follows (in cm): November (0.1), December (2.3), January (11.2), February (2.7), March (10.9), April (15.0), and May (8.1). There were only four moderate rainfall events during the season: 8.1 cm on 15 Jan. (just before preplant fertilization and seeding of the second carrot planting), 6.9 cm on 19 Mar., 7.1 cm on 6 Apr., and 5.7 cm on 11 May.
Plants from the second planting (14 Dec.) were used for mineral nutrient analyses. Whole seedling shoots were collected from a 30-cm section of row when the plants were 10 cm tall. Most recently matured whole leaves (blade plus petiole) were collected when the plants were 15 cm tall and again at harvest. Plant materials were dried in a forced-air oven at 60°C
, ground to pass a 0.6-mm screen, digested in H 2 SO 4 /H 2 O 2 and analyzed for N by rapidflow colorimetry (Hanlon et al., 1994; Jones et al., 1991) .
Carrots in all plots were harvested when field observation indicated that most roots had attained a length of 15 cm in the 165-kg N treatment. The specific growing period, therefore, varied with planting date and cultivar ( Table 2) . Use of this approach to determine the harvesting date was a compromise among the potentially best harvest dates for carrots with each respective N fertilization program. Waiting for carrots with very low rates of N fertilization to gain market size would have taken too long to be practical commercially and would risk excessive sizing of carrots with greater N rates.
Carrots were loosened from the soil by undercutting below the root tip with a lifting blade, and washed and graded according to U.S. Dept. of Agriculture grade standards (U.S. Dept. of Agriculture, 1965) . Roots failing to meet minimum size standards or those misshapen or cracked were classified as cull. Shoots were removed and carrots in each grade category were counted and weighed. Five roots from the U.S. No. 1 class were randomly selected, and the shoots and roots were separated and weighed, placed in a paper bag, and dried in a forced-air oven until constant weight. Dry weights were used to calculate dry-matter content of the roots and root : shoot ratios based on dry matter.
Fifteen roots in each experimental unit were randomly selected from the U.S. No. 1 class for determination of total alcohol-soluble sugars (Dubois et al., 1956 ) and total carotene concentration from a hexane extract (Umiel and Gabelman, 1971) . The roots were cut into pieces and frozen at -25 °C while awaiting laboratory preparation and analysis.
Data were analyzed by analysis of variance to determine significance of main effects and presence of interaction among planting date, cultivar, and N rate. Significant N rate main effects or simple effects were investigated further with means comparisons or regression analysis.
Results and Discussion
Preliminary statistical analyses revealed the presence of two-way interactions among date, cultivar, and N rate for many yield, growth, and root variables. There were no significant three-way interactions. The presence of the two-way interactions necessitated the evaluation of simple effects for most variables. The yield data for large (2.54-6.35 cm), U.S. No. 1 (1.9-3.8 cm) total marketable (large plus U.S. No. 1), and cull (unmarketable ) roots (U.S. Dept. of Agriculture, 1965) are discussed separately below.
Yield of large roots. Large roots are less valuable than U.S. No. 1 roots. In these studies, large "jumbo" roots made up <1% of the total marketable yield (Table 3) . Planting date interacted with carrot cultivar in affecting yield of large roots, with 'Scarlet Nantes' producing more large roots than 'Choctaw' for the crop sown on 23 Nov. 1994, but the cultivar difference in large root yield was nonsignificant for the other two plantings (Table 3) . These differences, while significant, may not be economically important because large roots constituted a negligible portion of the total yield. The main effect of N rate on large root yield was significant and the regression model was Yields of U.S. No. 1 carrots increased quadratically with N application for both 'Scarlet Nantes' and 'Choctaw' (Table 6) . However, yield was maximized at 21.0 t·ha -1 with 165 kg·ha -1 N for 'Scarlet Nantes' and at 26.3 t·ha -1 with 160 kg·ha -1 for 'Choctaw' (Table 5) . Total marketable yield. The total number of marketable roots was affected by all twoway interactions (Tables 3, 4 , and 6). Yield of marketable roots was greater for 'Choctaw' than for 'Scarlet Nantes' in the first planting (Table 3) , but similar for the two cultivars in the second and third. Total number of marketable roots was affected by the interaction of planting date and N rate. Numbers of marketable roots increased quadratically with N rate for all three planting dates (Table 4) , and were maximized with 155 kg·ha -1 N for the 23 Nov. planting, with 150 kg·ha -1 N for the 14 Dec. planting, and with 180 kg·ha -1 N for the 17 Jan. planting (Table 5 ). The negligible amounts of marketable-sized carrots with zero N demonstrated that the soil chosen for this test was low in residual N and therefore a suitable site for testing carrot N requirements.
Number of marketable roots also was affected by the interaction of cultivar and N rate. Although marketable root number increased quadratically with N rate for both cultivars (Table 6 ), the maximum responses differed. Root number was maximized at 318,700 roots/ ha with 160 kg·ha -1 N for 'Scarlet Nantes', and at 396,800 roots/ha with 160 kg·ha -1 N for 'Choctaw' (Table 5) .
Total marketable yield was affected by the interactions between N rate and both date and cultivar. In all three plantings, marketable root yield was affected quadratically by N rate (Table 4) . Marketable yield was maximized at 29.1 t·ha -1 with 155 kg·ha -1 N for the 23 Nov. planting, 21.9 t·ha -1 with 150 kg·ha -1 N for the 14 Dec. planting, and at 20.5 t·ha -1 with 180 kg·ha -1 N for the 17 Jan. planting (Table 5 ). These responses to N are in the range previously reported (Hemphill and Jackson, 1982; Hipp, 1978; Sanderson and Ivany, 1997; Tyler, 1986) for various carrot production sites in the United States and Canada. Marketable yields of both 'Scarlet Nantes' and 'Choctaw' increased quadratically with increasing N rate ( Table 6) ; yield of 'Scarlet Nantes' was maximized at 21.7 t·ha -1 with 165 kg·ha -1 N and at 26.7 t·ha -1 with 160 kg·ha -1 N for 'Choctaw' (Table 5) . Table 4 . Interaction means for the effects of planting date and N rate on carrot root yield, root diameter, root : shoot ratio, and root N content Yield of cull roots. Cull quantity was affected by all three two-way interactions. 'Choctaw' always produced more cull roots than did 'Scarlet Nantes' (Table 3) , but the magnitude of the difference was not consistent across the three carrot plantings. Like yield of large roots, few culls were produced and accounted for only 2% to 4% of total root production.
Date and N rate interacted in their effects on cull root quantity, with quadratic N effects for the first planting, linear effects for the second planting, and no N fertilization effect for the third planting (Table 4 ). The equations for the N rate trends are presented in Table 5 . In addition, the cultivar × N rate interaction affected cull root yield, with quadratic N rate effects for 'Scarlet Nantes' and no effect of N fertilization rate on 'Choctaw' (Table 6 ). The equation for the N rate trend for 'Scarlet Nantes' is presented in Table 5 .
Carrot root length and diameter. Root length was not affected by any treatment interaction, but was greater for 'Choctaw' (20.1 cm), an 'Imperator' type of carrot, than for 'Scarlet Nantes' (15.2 cm), a 'Nantes' carrot type. Length was greater in the first (18.1 cm) and the last (18.0 cm) than in the middle (16.8 cm) planting. Length increased quadratically with N rate, and was greatest at 19.1 cm with 150 kg·ha -1 N. Long carrots are desirable and these results document that greatest root length is obtained with the same N requirement as for greatest yield.
Root diameter was affected by both planting date × N rate (Table 4) and cultivar × N rate interactions (Table 6 ). Root diameter increased quadratically with N rate for all three plantings (Table 4) . Maximum root diameter occurred with 170 kg·ha -1 N in the 23 Nov. planting (3.0 cm), with 145 kg·ha -1 N in the 14 Dec. planting (2.7 cm), and with 180 kg·ha -1 N in the last planting (3.0 cm) (Table 5 ). Root diameter in both cultivars was affected quadratically by N fertilization (Table 6) , and was maximized at 2.9 cm with 170 kg·ha -1 N for 'Scarlet Nantes' and at 2.8 cm with 160 kg·ha -1 N for 'Choctaw' (Table 5) .
Root : shoot ratio. Luxuriant shoot growth is often an objective of commercial carrot grower's fertilization programs, although the root is the article of commerce. The growers' objective should be a balance of shoot and root growth that results in maximum marketable carrot production. We evaluated the root :
shoot ratio (dry-matter basis) as an indicator of carrot root productivity. Root : shoot ratio was affected by the interactions of planting date with both cultivar (Table 3) and N rate (Table  4) . Root : shoot ratio was always greater for 'Scarlet Nantes' than for 'Choctaw' (Table 3) , but the difference decreased with planting date.
Root : shoot ratio decreased linearly with N rate for the 23 Nov. (y = -0.0083N + 5.0) and 14 Dec. plantings (y = -0.0035N + 3.47), where y is the value for root : shoot ratio, but was not affected by N fertilization for the 17 Jan. planting (Table 4) . Marketable yield was maximized with N rates of 150 kg·ha -1 for the first two planting dates; therefore, increases in shoot growth with N rate > 150 kg·ha -1 (decreases in root : shoot ratio) reflected excess N fertilization and potential reductions in yield and farm profit.
Percent root dry weight was affected by the interaction of planting date and cultivar (Table  3) . For the earliest planting, percent dry matter was similar for the two cultivars, but values were higher for 'Choctaw' than for 'Scarlet Nantes' for the 14 Dec. and 17 Jan. plantings. Nitrogen fertilization increased percent dry weight [y (in g·kg ]. Similar dry-matter contents were observed for carrot in Finland, but dry-matter content was not affected by fertilization (Evers, 1989a) .
Plant N content. Shoot and root N contents were affected by planting date. Shoot N removal was 21, 16, and 29 kg·ha -1 for the 23 Nov., 14 Dec., and 17 Jan. planting dates, respectively, whereas root N removal was 38, 30, and 55 kg·ha -1 and total N removal was 59, 46, and 84 kg·ha -1 . Cultivar and N rate interacted in their effects on shoot N content (Table 6 ). Shoot N content of 'Scarlet Nantes' increased quadratically, with a maximum at 24 kg·ha -1 with 195 kg·ha -1 N. Shoot N content of 'Choctaw' increased linearly with N fertilization (y = 0.149N + 11, where y is shoot N content in kg·ha -1 ). Planting date and N rate interacted in their effects on root N content (Table 4) . Root N increased quadratically with N rate for the 23 Nov. and 14 Dec. plantings, maximizing at 57 kg·ha -1 with 240 kg·ha -1 N (November) and at 42 kg·ha -1 with 160 kg·ha -1 N (December). For the 17 Jan. planting, root N content increased linearly (y = 0.373N + 18, where y is root N content in kg·ha -1 ). Calculations made from data in Tables 4  and 6 show that carrots not fertilized with N absorbed ≈18 kg·ha -1 N (shoots + roots). Soil organic matter concentration was 12 g·kg -1 . Total plant N removed was 47, 67, 66, and 83 kg·ha -1 N with 55, 110, 165 , and 220 kg·ha -1 of applied N, respectively. If ≈18 kg·ha -1 of the total absorbed N were derived from mineralized soil N, then fertilizer N recovery was 53%, 45%, 29%, and 30% for the four treatments, respectively. These recovery values are near the often-cited N fertilizer recovery value of 50% (Bock, 1984) for the lower rates of N, but poorer efficiency prevailed with the higher N rates. In experiments with pepper (Capsicum annuum L.) on the same research farm as the present carrot study, Locascio et al. (1985) measured N recovery values of 42% (mulched pepper) and 24% (unmulched pepper with split applications of N). With excessive N rates, fertilizer use efficiency is low and potential for groundwater pollution greater if the N is left behind in the soil, subject to leaching. Future research should determine N application schedules, such as more frequent applications of smaller amounts of N than used in this study, that will increase N application efficiency.
Carrot leaf tissue. Carrots from the second planting were used for gathering tissue-N data to measure N deficiency. Whole shoots were used for the early sample and most recently matured whole leaves were used for the second (midseason) and third (harvest) samplings. Tissue N concentrations for all samplings were affected by cultivar and N rate only (Table 7) . 'Scarlet Nantes' leaves had greater N concentrations than did 'Choctaw' leaves for the midseason and harvest samplings, whereas the differences were nonsignificant for the early sampling. Whole-shoot N concentration was affected quadratically for the early sampling, maximizing at 38.1 g·kg -1 with 180 kg·ha -1 N. For the midseason and harvest samplings, the whole-leaf N concentration increased linearly with N fertilization. Since marketable yield leveled off after 150 kg·ha -1 N, critical N concentration profile would be Table 6 . Interaction means for the effects of carrot cultivar and N rate on root yield, root diameter, shoot N, and sugar concentration 36, 18, and 16 g·kg -1 for the three sampling periods used in this study. These critical values agree with those for 60 d after planting published by Weir and Cresswell (1993) and by Hochmuth et al. (1991) but are considerably lower than those of Jones et al. (1991) for mature carrot.
Root carotene and sugar concentrations. The concentration of hexane-extractable carotenoids was affected only by planting date and N fertilization. Cultivar had no significant effects on carotenoid concentration and all interactions were nonsignificant. Carotenoid concentrations were 56, 51, and 42 mg·kg -1 fresh weight (LSD 0.05 = 6) for the November, December, and January plantings, respectively. Root carotenoid concentration was influenced quadratically by N fertilization, maximizing at 55 mg·kg -1 fresh weight with 160 kg·ha -1 N. These results agree with those of Freeman and Harris (1951) , Mengel (1979) , and Venter (1979) , who reported that fertilization increased carotene concentration of carrots. Evers (1989b) obtained similar carotene concentrations for carrots in Finland with 150 kg·ha -1 N, but this rate of application had no more effect than did 80 kg·ha -1 N. The concentration of total alcohol-soluble sugar in carrot roots was affected by the interactions of planting date × cultivar and of cultivar × N fertilization (Tables 3 and 6 ). Sugar concentrations of 'Choctaw' roots were greater than those of 'Scarlet Nantes' for the first two plantings (Table 3 ), but differences between cultivars were nonsignificant for the last planting. Sugar concentration of 'Scarlet Nantes' roots was not affected by N fertilization ( Table 6 ), whereas that of 'Choctaw' roots increased quadratically, maximizing at 45 mg·g -1 fresh weight with 140 kg·ha -1 N. Nitrogen fertilization did not influence sugar concentration of carrot grown in Finland (Evers, 1989c) .
In summary, carrot yield and root quality characteristics were improved with N fertilization of a sandy soil. The yield responses to N were quadratic, maximizing in the range of 150 to 180 kg·ha -1 N. Carrots grown on sandy soils in Florida therefore responded to N in a fashion similar to carrots grown on mineral soils in Oregon, Texas, and Canada. Additions of N in excess of that required for maximum yield only increased shoot growth. Root carotene concentrations were improved by N fertilization, reaching a maximum with an N fertilization program similar to that needed for maximum root yield. Sugar concentration in 'Choctaw', but not in 'Scarlet Nantes', was improved by N fertilization, again maximizing at an N fertilization rate similar to that needed for maximum yield. Therefore, N in excess of that needed to maximize yield does not improve carrot quality, and if it remains in the soil, may leach into the groundwater.
